The budding yeast Saccharomyces cerevisiae is widely and has historically been used in making alcohol beverages because of its favorable characteristics including high alcohol productivity and high tolerance of ethanol. Glucose and fructose are favorable carbon sources for this yeast to ferment to ethanol, because it has a strong glycolytic pathway as well as a high pyruvate decarboxylase activity. In contrast to these hexoses, S. cerevisiae poorly metabolizes pentoses such as xylose and arabinose, although it has complete sets of the genes required for utilization of them. 1) This fact might be an obstacle to producing ethanol from lignocellulosic biomass, because xylose is one of major constituent sugars of lignocellulose. The low xylose availability in this yeast can be attributed to insufficient activity of the xylose metabolic pathway, which includes xylose uptake, isomerization of xylose to xylulose, phosphorylation of xylulose, and non-oxidative phosphorylation. 2) In most fungi, the incorporated xylose is isomerized to xylulose by a two-step oxidoreductive reaction with xylose reductase (XR) and xylitol dehydrogenase (XDH). Because S. cerevisiae utilizes xylulose, xylose isomerization appears to be a rate-limiting process for xylose metabolism. 3, 4) For this reason, many researchers have introduced exogenous XR and XDH genes into S. cerevisiae strains in which the activities of the downstream pathway, including xylulokinase and non-oxidative pentose phosphate pathway activities, were optimized. 2, 5, 6) Although these recombinant yeasts produced ethanol from xylose and lignocellulosic hydrolysates, several problems remain to be solved. For examples: (i) xylose consumption is slower than that of glucose with glucose/xylose complex medium, and (ii) xylitol, an intermediate of xylose isomerization, is produced as a byproduct. 2, 5, 6) Finer tuning of the xylosemetabolizing pathway might be required for efficient ethanol production from lignocellulosic materials.
To date, xylose-utilizing yeasts such as Pichia stipitis have been used primarily as sources of XR and XDH genes. 2, 5) For finer tuning of xylose isomerization, other sets of enzymes should be considered optional tools. Since filamentous fungi are known to metabolize xylose efficiently, they are potential donors of XR and XDH genes.
7) Hence, we decided to determine whether the xylose-isomerization system of the filamentous fungus Aspergillus oryzae could facilitate xylose utilization in S. cerevisiae. A. oryzae has genes coding for xylitol dehydrogenase XdhA (DDBJ accession no. AB109101) 8) and a putative D-xylose reductase (DOGAN ID AO090003000859) that is closely related to A. niger XyrA, 9) and hence was designated as xyrA in this study. In this fungus, expression of both genes is induced by D-xylose and is regulated by transcriptional activator XlnR, suggesting that both are involved in xylose catabolism. 10, 11) It has been reported that elevated XKS1 and TAL1 expression improved the growth of cells expressing XR and XDH from P. stipitis on a xylose medium.
12) Hence, we constructed a genetically engineered yeast strain, YTS280 (MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 P tdh3 -XKS1 P tdh3 -TAL1), in which endogenous XKS1 and TAL1 genes were overexpressed by replacing their promoters on the chromosomes with the strong TDH3 promoter, and introduced the xyrA and xdhA plasmids into this strain. The cDNAs, containing entire open reading frames of the xyrA and xdhA genes, were fused to the strong transcriptional promoter from the TDH3 gene on the YCp (low copy) plasmids. First we verified the enzymatic activities of the XR and XDH expressed in the yeast cells. S. cerevisiae YTS280 cells carrying xyrA (p416TDH3-xyrA; CEN URA3) and xdhA (p414TDH3-xdhA; CEN TRP1) plasmids or the corresponding empty plasmids were grown in 10 mL of SD medium (0.67% yeast nitrogen base without amino acid and 2% glucose supplemented with 0.002% adenine, 0.01% leucine, and 0.002% histidine) to mid-log phase at 30 C, and cellfree extracts were prepared to determine enzymatic y To whom correspondence should be addressed. Fax: +81-22-717-8902; E-mail: shintani@biochem.tohoku.ac.jp Abbreviations: XR, xylose reductase; XDH, xylitol dehydrogenase activities. XR activity was measured in 50 mM potassium phosphate (pH 7.0), 10 mM 2-mercaptoethanol, 0.17 mM NADH/NADPH, and 50 mM D-xylose at 30 C by monitoring oxidation of NADPH or NADH at 340 nm. XDH activity was measured in 50 mM potassium phosphate (pH 7.0), 10 mM 2-mercaptoethanol, 0.17 mM NAD þ , and 50 mM D-xylitol at 30 C by monitoring reduction of NAD þ at 340 nm. As previously reported, a lysate from yeast cells expressing xdhA exhibited a significant XDH activity with NAD þ , confirming that XdhA is functional in yeast cells (Table 1) . 8) Since enzymatic characteristics of the A. oryzae xyrA gene product had never been determined, we used NADPH and NADH as coenzymes to measure XR activity. We observed significant XR activity with NADPH, but not with NADH (Table 1 ). This indicates that the A. oryzae XyrA is NADPH-dependent as observed for most XRs from other organisms. 6) Next we asked whether the Aspergillus xyloseisomerization system, composed of XyrA and XdhA, is able to support xylose assimilation in YTS280. Although strains containing empty plasmids and the xyrA or the xdhA plasmid did not grow in a minimal medium containing xylose as sole carbon source (SX medium; 0.67% yeast nitrogen base without amino acid and 2% xylose supplemented with 0.002% adenine, 0.01% leucine, and 0.002% histidine), the expression of both XyrA and XdhA enabled the YTS280 strain to grow in the same medium (Fig. 1B) . It should be noted that all the strains grew in SD medium at similar growth rates (Fig. 1A) . The strain containing both the xyrA and the xdhA plasmids grew more slowly in SX medium (generation time, 3.33 h) than in SD medium (2.73 h), but reached a higher cell density in SX medium (Fig. 1) . We collected culture media at 48 h and measured the concentrations of ethanol using a UV-based ethanol assay kit (R-Biopharm, Darmstadt, Germany), and found that the xylose-grown cells produced approximately half as much as those grown in SD medium (0:870 AE 0:188 g/L in SD, and 0:430 AE 0:148 g/L in SX).
In this study, we found that the A. oryzae protein encoded by AO090003000859, named XyrA, had NADPH-dependent D-xylose reductase activity, and that heterologous expression of the xylose isomerization system, consisting of XyrA and XdhA, facilitates xylose metabolism in the recombinant yeast YTS280. Further analysis of xylose metabolism in this strain and fine tuning of this pathway by genetic manipulation should help to improve xylose assimilation and ethanol fermentation.
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